Herbal products have gained popularity over the past few decades. The reasons attributed to the rise in popularity are cheaper costs, easy availability, patient compliance and fewer side effects. However, liver toxicity following consumption of herbal remedies is on the increase. Thus, there is an urgent need to understand the mechanism of action of the herbal supplements on the liver. Occasionally, herbal supplements may also interact with conventional drugs. The present review focusses on a few herbs such as Aloe barbadensis, Atractylis gummifera, Centella asiatica, Mitragyna speciosa, Morinda citrifolia, Larea tridentata, Symphytum officinale, Teucrium chamaedrys and Xanthium strumarium, which are reported to cause hepatotoxicity in humans and animals. Prior knowledge on hepatotoxicity caused by herbs may be beneficial for clinicians and medical practitioners.
Herbal supplements have been used as remedies for the treatment of various ailments for many years. Conventional treatment is costly, non-compliant, non-holistic and has serious side effects. Herbal supplements are easily available without prescription and are considered as 'natural' products [1] . The use of herbal remedies has gained popularity both for prophylaxis and treatment. A survey made in District of Columbia in the USA showed an increment of herbal and natural products usage from 14.2% in 1998-1999 to 18 .8% in 2002 [2] .
Numerous studies have been made on the medicinal effects of various herbal supplements. Despite this, not all herbal supplements were considered to be safe. Numerous adverse effects were reported following use of herbal products. Herbal supplements were reported to be associated with organ toxicity involving kidney, liver and heart [3] . The liver, being the portal organ for the rest of the body, receives and metabolizes xenobiotics, making it more vulnerable to toxicological injury [4, 5, 6] The present short review aims to highlight the hepatotoxic effect of potential herbal remedies such as Aloe barbadensis, Atractylis gummifera, Centella asiatica, Mitragyna speciosa, Morinda citrifolia, Larrea tridentata, Symphytum officinale, Teucrium chamaedrys and Xanthium strumarium.
Aloe barbadensis (family Liliaceae) Commonly known as Aloe vera, this is a succulent, cactus-like plant that is commonly found in tropical and subtropical areas [7] . Traditionally, it has been used for the treatment of genital herpes, psoriasis, diabetes mellitus and dyslipidemia [8] . Hepatotoxicity was reported in a 57-year-old female who consumed A. vera to delay aging and the liver biopsy showed acute hepatitis with infiltration of inflammatory cells, mainly lymphocytes, plasma cells and eosinophilic granulocytes [9] . In 2007, 2010 and 2014, three cases of hepatitis were reported each year following ingestion of A. vera [10] [11] [12] . Hypersensitivity was considered in the pathogenesis of hepatitis induced by A. vera [12] .
Atractylis gummifera (family Asteraceae)
A. gummifera is a thistle which is commonly found in Northern Africa and Southern Europe [13] . Traditionally, it has been used as a diuretic, antipyretic and an emetic [14] . Numerous cases of hepatotoxicity following ingestion of A. gummifera have been reported [13, 14, 15] . Liver biopsy showed hepatonecrosis with numerous vacuoles [13, 15, 16] . A. gummifera contains atractyloside (ATR) and carboxyatractyloside, which are the compounds responsible for inducing hepatotoxicity [13] Centella asiatica (family Apiaceae) Commonly known as gotu kola, it is a native plant in Asia that is commonly used in the practice of complementary medicine, including traditional Chinese, African and Ayurvedic [17] . It has been used for wound healing, treatment of various inflammatory diseases, including bronchitis, gastritis, urethritis and also for the improvement of memory and brain functions [17] .
In Argentina, three patients were reported to develop hepatotoxicity following ingestion of C. asiatica as weight reduction supplements [18] . Liver biopsies from two of the patients showed granulomatous hepatitis, while the third patient showed chronic hepatitis with cirrhotic transformation. [18] . C. asiatica contains the bioactive triterpenes madecassic acid and asiatic acid with their respective glycosides, madecassoside and asiaticoside [19, 20] . Asiatic acid may be responsible for the hepatotoxicity [18, 21, 22 ] . However, experimental animal studies failed to show the hepatotoxicity effect of C. asiatica [23] [24] [25] .
Larrea tridentata (family Zygophyllaceae) Known as chaparral, the plant is commonly found in North America. Traditionally, it has been used to dissolve kidney and gallbladder stones, as a contraceptive and as an antimicrobial agent [26] . Hepatotoxicity was reported following chaparral ingestion. A 33-year-old woman was reported to develop subacute hepatic necrosis following ingestion of chaparral for several months [27] . In another case related to hepatotoxicity with chaparral ingestion, liver biopsy showed cholengiolitic cholestasis [28] . Thirteen patients were reported to develop hepatotoxicity following chaparral Intrahepatic cholestasis was reported following consumption of M. speciosa in abusers following two weeks of consumption of high doses [35] . Liver biopsy showed hepatocytes to contain bile precipitation and fat vacuoles [35] . Mitragynine was detected in the urine; this is the most abundant alkaloid found in M. speciosa and was most probably responsible for causing hepatotoxicity [35, 36] . Another recent case reported cholestatic hepatitis following ingestion of 'kratom' when used to relieve anxiety [37] .
An experimental study performed on rats showed hepatotoxicity following ingestion of M. speciosa in both acute and subacute settings [38, 39] .
Morinda citrifolia (family Rubiaceae) Known as Noni, it is a native plant of India, Southeast Asia, Australia and Eastern Polynesia. Its leaves, fruits, barks and seeds were reported to be used for treatment of various ailments including diabetes, inflammation, regulating menses and as a laxative [40] .
To date, eight cases were reported to be associated with hepatotoxicity following consumption of M. citrifolia. In 2005, three hepatotoxicity cases were reported and the liver biopsy showed acute hepatitis and hepatocellular cholestatis [41, 42] . Three cases were reported in which the liver biopsy showed hepatocellular necrosis, canalicular cholestasis and fibrosis [43] [44] [45] . In 2011, a 14year-old boy developed hepatotoxicity following ingestion of juice, where one of the ingredients was M. citrifolia and the liver biopsy showed acute hepatitis with hepatocellular cholestasis [46] . There are reports of hepatotoxicity following consumption of Noni juice used for long term treatment with phenobarbital [47] . Few of the cases reported concomitant usage of other drugs, herbal products or the possibility of pre-existing liver disease [48] .
No experimental animal studies support the hepatotoxicity in humans [49, 50] . However, the majority of the animal studies, including a double blind clinical safety study on humans, were funded by organizations involved in the development of M. citrifolia [49] [50] [51] .
Phytochemical investigation showed anthraquinones to be the main active compounds present in M. citrifolia which contributed to the toxicity [40, 41] .
Symphytum officinale (family Boraginaceae) Commonly known as comfrey, it is a perennial herb native to Europe. It has been used to treat lung congestion, gastrointestinal ulceration and inflammatory diseases such as arthritis and gout [52, 53] . In 1987, a case of hepatotoxicity was reported in a 13-year-old boy, who took comfrey regularly for his underlying Crohn's disease. Liver biopsy showed veno-occlusive disease [54] . In 1989, a 47-year-old year woman developed ascites and the liver biopsy showed thickening and narrowing of terminal hepatic venules with hepatocyte necrosis and fibrosis in the perivenular area [55] . Further investigation revealed that she was taking comfrey regularly for her abdominal pain. Another case of hepatic veno-occlusive disease was reported in a 23-year-old man following comfrey ingestion; liver biopsy showed sublocular and small veins occlusion [56] . Comfrey was reported to induce hepatotoxic changes in both low and high doses in rats [57, 58] .
Pyrrolizidine alkaloids (PA) were detected in comfrey products [59] . PAs were also found in other plants including Heliotropium, Senecio and Crotalaria species. PAs are reported to cause hepatotoxicity in humans and animals [53, 55, 60] .
Teucrium chamaedrys (family Lamiaceae) Commonly known as wall germander, it is commonly found in Central and Southern Europe, North Africa and the Middle East. It is used traditionally to treat obesity, dyspepsia, diabetes mellitus, hypertension and gout [61] . Intake of germander has been on the rise as it was marketed as slimming pills. In 1992, twenty-six patients developed acute hepatitis with ingestion of germander and presented with jaundice and elevated liver enzymes [14, 62] . Liver biopsy showed hepatocytes necrosis with few cases leading to chronic hepatitis and cirrhosis [63, 64] . Following these incidents, germander was banned. Despite numerous hepatotoxicity cases reported in Canada and Spain, two patients were reported to develop hepatotoxicity following ingestion of germander in 1996 and 2001 [65, 66] .
T. chamaedrys contains saponins, glycosides, flavonoids and furancontaining neoclerodane diterpenoids (NCDs). An earlier study performed in mice reported mid-zonal hepatocytes necrosis following intragastric administration of NCDs [67] . It showed that NCDs were transformed to hepatotoxic metabolites by cytochrome P4503A inducers and its transformation reduced by CYP 3A inhibitors [67] .
Xanthium strumarium (family Asteraceae) Commonly known as cocklebur, the plants are widely distributed being commonly found in China, Brazil, North America, India and Malaysia. Traditionally it has been used to treat poisonous insect bites, malaria, pruritus, urticaria, allergic rhinitis and leprosy [68] . The plant contains two kaurene glycosides, atractyloside and carboxyatractyloside [69] , which are associated with toxic effects in animals and humans.
Carboxyatractyloside is associated with multiple organ dysfunctions, including liver injury. In 2005, nine cases were reported to develop hepatocellular necrosis with raised liver enzymes. Three of the patients died and histopathological examination showed centrilobular hepatic necrosis [70] . Another study reported the case of a 25-year-old woman who consumed X. strumarium to treat infertility. Following 3 days of ingestion, she developed altered mental status and seizures. The liver enzymes were raised and abdominal sonography showed hepatomegaly, diffuse hyper-echoic changes in the liver and mild ascites [71] .
In mice, following intraperitoneal injection of carboxyatractyloside and atractyloside, it was shown that liver enzymes were elevated and there was marked centrilobular hepatocellular necrosis and vacuolation, with fibrosis in portal areas [69] .
Involvement of liver and hepatotoxicity
Liver is an essential organ involved in various metabolic processes. These include biotransformation of xenobiotics, which mainly occur in the liver. Biotransformation of the exogenous compounds involves two phases [4, 72] . Phase I is a non-synthetic process which aims to increase polarity and the capability to conjugate the compounds. Reactions involved in this phase include oxidation, hydrolysis and reduction [73] . The cytochrome P450 enzymes system is mainly involved in this phase. Phase II is a synthetic process which involves conjugation reactions performed mainly by transferases [73] . Cytochrome P4502E1 (CYP2E1) transforms and bioactivates many substrates to more toxic intermediary products, which increase production of reactive oxygen species (ROS) [74] . ROS damage cellular and mitochondrial DNA, protein and increase lipid peroxidation, which damages the plasma membrane [75, 76] .
CYP2EI is involved in cytotoxicity induced by the indole alkaloid, mitragynine [77] . Neoclerodane diterpenoids are catalyzed by Cytochrome P450 3A to form electrophilic intermediary metabolites. These cause toxic injury to hepatocytes by depleting glutathione, hence decreasing the capability to reduce the reactive oxygen species, and disrupt cytoskeleton-associated protein thiols, thereby leading to plasma membrane blebs and cell death [78, 79] .
Hepatocyte necrosis
Hepatocyte necrosis is characterized by osmotically swollen hepatocytes with pyknotic, shrunken and eosinophilic cells [80] . When hepatocyte necrosis occurs around the central vein, it is termed as centrilobular necrosis, but when present around the portal tract, it is termed as periportal necrosis [80] .
Hepatocyte necrosis results from the loss of cellular integrity [4] . Injury to the organelles and plasma membrane disrupts cellular integrity [4] . Disturbance in calcium homeostasis contributes to the plasma membrane injury [81] . Increment of calcium in the cytoplasm opens permeability transition pores (PTP) of both inner and outer membranes of mitochondria [82] . Hence, it increases membrane permeability transition (MPT) of mitochondria [74] . It reduces mitochondrial membrane potential, inhibits oxidative phosphorylation, and increases reactive oxygen species production [4, 79, 74] . Mitochondria become swollen, the permeability of the outer and inner membrane of mitochondria increases, and this leads to further increase in calcium overload in the cytoplasm [79, 82] . Actin filament assembly is disrupted, leading to blebbing of cell membranes [81] . With sufficient magnitude of assault, irreversible cell injury is unavoidable leading to hepatocyte necrosis [81] .
The endoplasmic reticulum, which stores calcium, is disrupted by NGDA and asiatic acid, increasing the cytosolic calcium [83, 84, 85, 86] . Anthraquinones increase MPT pore opening, which increases cytosolic calcium and ROS [87] . Atractyloside blocks oxidative phosphorylation via competitive inhibition of the adenine phosphorylation carrier of the mitochondria, leading to reduction of energy production and opens PTP [14, 70] .
Cholestatis
This is characterized by accumulation within hepatocytes of bile pigment, termed as feathery or foamy degeneration [80] . There is presence of an elongated bile plug, greenish in color, in the dilated canaliculi [80] . Bile duct epithelial cell proliferation may also be apparent [80] .
Generally, cholestatis hepatitis develops due to disruption in bile formation or flow [4, 80] . Secondary injury is triggered by bile acid retention, which induces translocation of Fas, death receptors prominent in hepatocytes, from cytoplasm to plasma membrane and this triggers cell death [74] .
Retention of bile acids may occur due to hepatocanalicular injury [4] , possibly through disruption in the canalicular bile salts transporter, which arrests the export of bile constituents from hepatocytes into the canalicular lumen [81] . It also occurs with necrosis of the bile duct, interference of bile formation, or disruption of actin filaments within bile canaliculi, which disrupts pulsatile contraction that moves the bile [4, 81] .
NDGA, one of the active components of chaparral, can cause reversible cholestasis [26] . NGDA was reported to disrupt the structure and function of Golgi complexes, and intracellular protein transport [88] , thereby interrupting the bile transport within hepatocytes leading to cholestasis. A few alkaloids have the capability to disrupt Na/K ATPase activity and this may be the possible mechanism inducing cholestasis which may disrupt bile movement [89] .
Hepatocytes steatosis
Microvesicular steatosis, characterized by small fatty vacuoles in the hepatocyte cytoplasm, occurs following mitochondrial damage and dysfunction [74, 90] . Impairment of mitochondrial beta oxidation leads to reduction of energy production [74, 90] , which leads to accumulation of small lipid droplets in the cytoplasm [74] . Anthraquinones and atractyloside inhibit oxidative phosphorylation, which impairs fatty acid beta oxidation [91, 87] . Macrovesicular steatosis is characterized by a single large fat globule of triglyceride within the cytoplasm of an hepatocyte, which peripherally displaces the nucleus. Many factors cause macrovesicular steatosis and these include increased hepatic synthesis and mobilization of fatty acids, increased synthesis of triglyceride and reduction in the removal of triglyceride from the hepatocyte cytoplasm [90] .
Veno-occlusive disease
Veno-occlusive diseases are characterized by non-thrombotic, hepatic vein radicles obliteration with sub-endothelial swelling and collagen deposition [80, 14] . Veno-occlusive disease causes injury to hepatocytes of zone 3 and venular endothelium by drug, toxin or their metabolites [4] . Hepatocyte injury to the plasma membrane leads to blebs formation [56] .
PAs are converted to pyrrole derivatives by liver microsomes [92] . Pyrrole exerts its toxic effect acting as an alkylating agent [14, 93] . Toxicity of PAs can be augmented by a P450 inducer [94] .
Hepatitis

Acute hepatitis
Toxicity induced acute hepatitis has an almost similar pattern to viral hepatitis being characterized by hepatocyte necrosis accompanied by infiltration of inflammatory cells [80, 90, 95] .
Necrotic hepatocytes produce danger-associated-molecular patterns (DAMPs), which activated Kupffer cells and neutrophils [74] . Activated Kupffer cells, which release reactive oxygen species and proinflammatory mediators, enhance inflammation by increasing recruitment of neutrophils and monocytes [74, 96] . Neutrophils adhere to hepatocytes, releasing proteases and inducing cell death [74] .
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Chronic hepatitis
Prolonged acute hepatitis leads to development of chronic hepatitis. Hepatic fibrosis, a feature of chronic hepatitis, occurs initially around the periportal area, later extending into other areas of the liver forming bridges between portal to central, central to central, and portal to portal areas [80, 95] . If fibrosis continues, there is development of liver cirrhosis and this is characterized as regenerating nodules which are subdivided and surrounded by scar tissue [80] .
Liver fibrosis develops from excessive deposition of proteins, including collagen, within the extracellular matrix of the liver [97, 98] . Collagen is produced by hepatic stellate cells, fibroblasts and myofibroblasts that are triggered by cytokines, toxins, chronic inflammation and disruption of extracellular matrix [97, 99] .
Granulomatous hepatitis
Granuloma hepatitis, described as the presence of granuloma, is a circumscribed lesion in the liver which consists of inflammatory cells [80] . It is associated with various etiologies, including xenobiotic related toxicity and autoimmune reaction [80] . An adduct may be formed between intermediary metabolites and cellular proteins and nucleic acid presenting as neoantigen [81] . Neoantigen may trigger cellular and humoral immunity which exacerbate with recruitment of inflammatory cells [81] . Aloeride, a potent immunostimulatory polysaccharide, was reported to be present in Aloe barbadensis, the most likely compound that induces autoimmune hepatitis in A. vera induced hepatotoxicity [100] . This autoimmune reaction was also postulated to be involved in C. asiatica induced hepatotoxicity [18, 101] .
Injury to the liver is caused by various xenobiotics, including herbal components. Every year, at least one new case of hepatotoxicity involving herbal components is reported. Toxicity can be caused by various factors and postulated mechanisms include biotransformation into toxic intermediary metabolites, increased cytosolic calcium, disruption of intracellular protein transport and mitochondrial dysfunction and damage. However, there is still lack of information on the exact mechanism of injury caused by herbal supplements. In future, further research focusing on the mechanisms of hepatotoxicity involving herbal components is advised.
